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Abstract 

Understanding  the  properties  and  development  of  complex  morphological  traits  may  spark 
advances  in  the  biomimetic  design  of  new  self-assembling  multifunctional  materials.  Thus, 
we  are  using  cutting-edge  techniques  to  (I)  identify  previously  unexplored  chemical  and 
physical  properties  of,  and  (II)  synthetically  mimic,  color-producing  nanostructures  built  from 
keratin  and  melanin  in  bird  feathers. 

For  (I)  we  are  testing  four  properties  of  optical  nanostructures:  (1)  Refractive  index  and 
chemistry.  We  use  plasmonics  to  measure  refractive  index  of  melanins  and  synchrotron-based 
Vacuum  Ultraviolet  Laser  Desorption  Mass  Spectrometry  techniques  to  compare  their 
chemistry.  We  have  optimized  techniques  for  measurement  of  refractive  index  and  have 
made  significant  progress  understanding  the  chemistry  that  contributes  to  variation  in  color  of 
feathers.  (2)  Tensile  strength.  We  use  atomic  force  microscopy  to  quantify  how  both  the 
morphology  and  chemistry  of  individual  melanosomes,  as  well  as  their  organization  into 
nanostructures,  affects  their  material  properties.  We  have  a  full  dataset  on  tensile  strength  of 
iridescent  barbules,  and  are  currently  collecting  one  on  non-iridescent  barbules  for 
comparison  (3)  Thermoregulation.  We  use  Fourier  transform  Infrared  Spectroscopy  and 
infrared  imaging  techniques  to  test  how  the  wavelength  selectivity  caused  by  the  organization 
of  melanosomes  into  nanostructures  affects  absorbance.  (4)  Hydrophobicity.  We  use  contact 
angle  goniometry  and  modeling  to  determine  how  macrostructural  modifications  associated 
with  nanostructures  may  affect  hydrophobicity  and  directional  water  movement  on  feathers. 
We  have  identified  nanostructured  surfaces  that  create  bright  white  color  and 
superhydrophobicity. 

For  part  (II)  we  use  biomimetic  approaches  to  elucidate  the  mechanisms  by  which  these 
nanostructures  self  assemble.  First,  we  replicate  the  depletion  attraction  forces  that  cause 
melanosomes  to  self  assemble  into  iridescent  nanostructures  through  a  series  of  experiments 
in  which  we  vary  the  conditions  of  polymerization  of  keratin  and  melanin  blends.  We  have 
succeeded  in  organizing  melanin  particles  into  simple  nanostructures,  and  are  proceeding  with 
experiments  using  blends  and  modified  particle  types.  Second,  we  replicate  the  phase 
separation  processes  that  cause  self-assembly  of  non-iridescent  nanostructures  by  producing 
keratin  films  from  both  nanostructured  and  unstructured  keratin  under  varying  conditions,  and 
will  identify  differences  in  primary  sequence  or  phosphorylation  state  between  nanostructured 
and  unstructured  keratin.  The  results  of  this  research  will  enhance  our  understanding  of  the 
multifunctionality  of  nanostructured  traits  and  identify  new  means  and  natural  materials  for 
their  production. 

Vertebrate  animal  disclaimer 

All  feather  samples  were  obtained  either  from  study  skins  of  dead  birds  housed  in  museums  or 
from  collaborators.  Thus,  no  protocol  for  use  of  vertebrate  animals  is  needed. 
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Progress  on  objective  I: 


1)  Manakins  produce  bright  iridescent  feather  colors  without  melanosomes. 

Branislav  Igic,  Liliana  D’Alba,  Matthew  D.  Shawkey 

Abstract 

Males  of  many  species  often  use  colourful  and  conspicuous  ornaments  to  attract  females. 
Among  these,  male  manakins  (family:  Pipridae)  provide  classic  examples  of  sexual  selection 
favouring  the  evolution  of  bright  and  colourful  plumage  coloration.  The  highly  iridescent 
feather  colours  of  birds  are  most  commonly  produced  by  the  periodic  arrangement  of 
melanin-containing  organelles  (melanosomes)  within  a  p-keratin  matrix.  Melanin  increases 
the  saturation  of  iridescent  colours  seen  from  optimal  viewing  angles  by  absorbing  back- 
scattered  light  to,  but  at  the  same  time  this  may  reduce  wide-angle  brightness  of  these  signals, 
contributing  to  a  dark  background  appearance.  We  examined  the  nanostructure  of  four 
manakin  species  ( Lepidothrix  isidorei,  L.  iris ,  L.  nattereri,  and  L.  coeruleocapilla)  to  identify 
how  they  produce  their  bright  plumage  colours.  Feather  barbs  of  all  four  species  were 
characterised  by  dense  and  fibrous  internal  spongy  matrices  that  likely  increase  scattering  of 
light  within  the  barb.  The  iridescent,  yet  whitish,  colours  of  L.  iris  and  L.  nattereri  feathers 
were  not  produced  by  periodically  arranged  melanosomes  within  barbules,  but  by  periodic 
matrices  of  air  and  p-keratin  within  barbs.  L.  iris  crown  feathers  were  able  to  produce  a 
dazzling  display  of  colours  with  small  shifts  in  viewing  geometry,  likely  due  to  their  periodic 
nanostructure,  flattened  barb  morphology,  and  disorder  at  a  microstructural  level.  We 
hypothesize  that  iridescent  plumage  ornaments  of  male  L.  iris  and  L.  nattereri  are  under 
selection  to  increase  brightness  or  luminance  across  wide  viewing  angles,  which  may 
potentially  increase  their  detectability  by  females  during  dynamic  and  fast-paced  courtship 
displays  in  a  dim  environment. 

Keywords:  Animal  coloration,  inverse-opal,  iridescence,  Lepidothrix,  manakin,  ultra-white 


Shawkey  M.D 


AFOSR  Final  Report  2016 


5 


Introduction 

Coloration  has  diverse  functions  and  can  communicate  information  such  as  an  individual’s 
quality,  aggression,  genetic  make-up,  or  toxicity  (Ruxton  et  al.,  2004;  Pryke  and  Griffith, 
2009;  Shi  et  al.,  2015;  Young  et  al.,  In  Press).  Sexual  selection  is  the  primary  evolutionary 
driver  of  ornamentation  among  animals  and  has  produced  some  of  the  most  extraordinary 
colours  among  animals  (Kirkpatrick  and  Ryan,  1991;  Price  et  al.,  1993;  Andersson,  1994). 
Evolution  of  conspicuous  and  elaborate  colour  patterns  is  often  driven  by  mate-choice  or 
intra-sexual  competition  for  mates  (Doucet  et  al.,  2007;  Chen  et  al.,  2012),  but  also 
aposematic  and  warning  communication  (Ruxton  et  al.,  2004;  Kraemer  et  al.,  2015).  Indeed, 
males  of  diverse  taxa  use  colourful  traits  to  attract  females,  including  spiders,  birds,  fishes, 
reptiles,  and  mammals  (Kodric-Brown,  1985;  Setchell  and  Jean  Wickings,  2005;  Stuart-Fox 
and  Moussalli,  2008;  Girard  and  Endler,  2014).  Sexual  selection  often  favours  conspicuous 
colours,  which  can  be  achieved  by  maximizing  their  chromatic  or  achromatic  contrast  against 
the  environment  (Endler,  1992;  Uy  and  Endler,  2004;  Doucet  et  al.,  2007). 

Colouration  of  animals  is  produced  by  pigments,  nanostructures,  or  a  combination  of 
both  pigments  and  nanostructures  (Shawkey  and  Hill,  2006;  Bagnara  et  al.,  2007;  Kinoshita, 
2008;  Stavenga  et  al.,  2011;  D’Alba  et  al.,  2012).  Pigments  produce  colour  by  selectively 
absorbing  specific  wavelengths  of  visible  light  while  allowing  others  to  be  reflected.  By 
contrast,  structural  colours  are  produced  by  periodic  nanostructures  that  interfere  with  light 
within  visible  wavelengths  and  cause  particular  wavelengths  to  be  amplified  or  attenuated 
through  constructive  and  destructive  interference,  respectively  (Vukusic  and  Sambles,  2003; 
Kinoshita,  2008).  Although  not  traditionally  defined  as  a  colour,  white  is  a  common  and 
important  component  of  animal  colouration  and  is  produced  by  the  diffuse  and  wavelength- 
independent  scattering  of  light  by  disordered  nanostructures  (Dyck,  1979;  Vukusic  et  al., 
2007)  and  is  involved  in  the  perception  of  luminance  or  brightness  of  colour  signals.  Unlike 
pigments,  structural  colours  are  capable  of  producing  colours  that  change  with  viewing 
geometry  (iridescence;  Osorio  and  Ham,  2002;  Kinoshita,  2008;  Doucet  and  Meadows,  2009). 
Iridescence  is  a  common  and  important  component  of  avian  courtship  displays  (Hill,  2006), 
and  males  of  many  species  use  dazzling  displays  of  changing  colours  to  impress  or  capture  the 
attention  of  females  (e.g.  Parotia  lawesii  and  Pavo  cristatus ;  Stavenga  et  al.,  2010;  Dakin  and 
Montgomerie,  2013). 

The  iridescent  plumage  coloration  of  birds  described  so  far  requires  the  presence  and 
nanoscale  arrangement  of  melanosomes  (melanin-containing  organelles)  to  produce  visible 
colour.  Melanins  are  pigments  that  can  absorb  light  across  all  wavelengths  visible  to  animals 
(300-700  nrn;  Meng  and  Kaxiras,  2008).  However,  for  many  birds,  the  precise  arrangement  of 
melanosomes  within  their  feather  barbules  produces  iridescent  colours  by  causing  particular 
reflected  wavelengths  to  be  amplified  while  others  are  attenuated  as  light  travels  through 
materials  that  periodically  vary  in  refractive  index  (i.e.  air,  p-keratin,  and  melanin; 
Greenewalt  et  al.,  1960;  Stavenga  et  al.,  2010;  Maia  et  al.,  2011;  Eliason  et  al.,  2013). 
Independently  of  nanoscale  arrangement  of  melanosomes,  some  species  produce  weakly 
iridescent  colours  through  quasi-ordered  nanostructures  of  p-keratin  and  air  within  feathers 
barbules  or  barbs  respectively  (  Noh  et  al.,  2010a).  However,  ,this  iridescence  is  not  visible 
under  natural  light  conditions  (Osorio  and  Ham,  2002;  Noh  et  al.,  2010a).  A  previous  report 
suggested  that  back-billed  magpies  produce  iridescent  color  through  an  ordered  matrix  of 
keratin  and  air  (Vigneron  et  al.  2006).  However,  the  morphology  of  this  matrix  is  highly 
similar  to  previously  described  arrays  of  hollow  melanosomes  that  produce  iridescen  color, 
suggesting  that  additional  research  is  needed  to  confirm  its  nature.  Although  the  p-keratin 
cortex  of  feather  barbs  can  produce  weak  iridescence  through  thin-film  interference  without 
the  contribution  of  melanosomes,  this  effect  is  only  important  at  micro-scales  and  likely 
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contributes  minimally  to  the  coloration  seen  at  visually  relevant  spatial  scales  (Stavenga  et  al., 

2011). 


Strong  directional  reflection  of  colour  is  a  common  property  of  many  strongly 
iridescent  feathers..  For  example,  the  spectacular  iridescent  patches  of  many  species  (e.g. 
hummingbirds,  ribbon-tailed  astrapias  Astrapia  mayeri ,  and  magnificent  riflebirds  Ptiloris 
magnificus)  reflect  bright,  saturated,  and  iridescent  colours  in  specific  directions  (often  in 
specular  or  mirror-like  directions),  while  appearing  dark  or  cryptic  at  other  angles  or  diffusely 
(Osorio  and  Ham,  2002;  Doucet  and  Meadows,  2009).  This  directional  reflection  of  colour  is 
due  to  a  planar  morphology  of  colour-producing  barbules  that  reflects  light  in  a  particular 
direction  (e.g.  the  flat  or  boomerang  shaped  barbules  in  P.  lawesii;  Stavenga  et  ah,  2010; 
Stavenga  et  ah,  2015).  By  contrast,  a  curved  barbule  morphology  reduces  both  the  magnitude 
of  colour  change  and  the  angle-dependence  of  iridescent  feather  colours,  so  that  colour  can  be 
seen  from  a  larger  range  of  viewing  angles  (Dyck,  1987;  Yoshioka  and  Kinoshita,  2002). 
Melanosomes  also  likely  play  an  important  role  in  increasing  the  directionality  of  highly 
iridescent  feathers.  By  absorbing  light  that  is  diffusely  scattered  or  reflected,  melanosomes 
increase  the  saturation  of  iridescent  feather  colours  (Yoshioka  and  Kinoshita,  2002;  Shawkey 
and  Hill,  2006)  and  contribute  to  their  dark  background  appearance  as  suggested  by  Brink  and 
Van  Der  Berg  (2004).  In  turn,  this  may  explain  the  rarity  of  iridescent  feathers  with  a  light 
background  appearance. 

Male  manakins  (family:  Pipridae)  use  some  of  the  brightest  plumage  colours  among 
birds  to  attract  females  (Kirwan  and  Green,  2011).  Manakins  are  a  diverse  clade  of  small 
frugivorous  birds  that  contains  42-57  species  (depending  on  taxonomic  classification) 
distributed  across  the  Neotropics  (Prum,  1990;  Rego  et  ah,  2007;  Ohlson  et  ah,  2013).  Males 
of  most  species  court  females  within  leks  using  elaborate  colours,  strange  and  unique  sounds, 
and  stereotyped  movements  (Prum,  1990;  Endler  and  Thery,  1996;  Prum,  1998;  Duraes,  2009; 
Kirwan  and  Green,  2011;  Lukianchuk  and  Doucet,  2014).  Males  in  the  genus  Lepidothrix 
display  exceptionally  bright  colours  on  their  crown  and  rump  feathers  (figure  1),  such  as  ultra¬ 
whites,  vibrant  blues,  golds,  and  iridescent  opal-like  colours  (Kirwan  and  Green,  2011;  this 
study).  Despite  considerable  interest  in  the  function  and  evolution  of  coloration  within  this 
family  of  birds  (Endler  and  Thery,  1996;  Doucet  et  ah,  2007;  Ribeiro  et  ah,  2015), 
characterization  of  their  coloration  and  examinations  of  colour  production  mechanisms  have 
primarily  focussed  on  non-iridescent  blues  and  greens  (Saranathan  et  ah,  2012).  Here,  we 
examined  and  compared  the  coloration  and  colour  production  mechanisms  across  plumage 
ornaments  of  four  Lepidothrix  species,  primarily  focussing  on  two  species  with  iridescent 
plumage  but,  unusually,  white  or  pale  coloured  background  appearance. 

Methods 

We  examined  the  vibrant  crown  and  rump  feather  colours  of  four  different  Lepidothrix 
manakins  (figure  1):  ultra-white  crown  feathers  of  the  blue-rumped  manakin  (L.  isidorei); 
opalescent  crown  feathers  of  the  opal-crowned  manakin  (L.  iris);  pinkish-white  rump  feathers 
of  the  snow-capped  manakin  ( L .  nattereri);  and  blue  rump  feathers  of  the  cerulean-capped 
manakin  (L.  coeruleocapilla).  All  feathers  were  kindly  provided  by  the  Field  Museum  of 
Natural  History  (Chicago,  IL). 

Reflectance  Measurements 

We  measured  specular  and  diffuse  spectral  reflectance  of  feathers  between  300  and  700  nm. 
For  each  measurement,  we  flattened  single  feathers  by  taping  their  calamus  to  low  reflective 
black  velvet  fabric  and  oriented  the  feathers  such  that  the  incident  light  beam  hit  the 
pennacous  barbs  at  a  proximal  to  distal  orientation.  We  measured  specular  reflectance 
between  10°  and  50°  from  coincident  normal  at  5°  increments  at  two  different  locations  per 
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feather  using  a  spectrometer  equipped  with  two  fibres  that  rotate  independently  from  one 
another;  one  fibre  was  connected  to  a  light  source  (AvaLight-XE  pulsed  xenon  light,  Avantes 
Inc.,  Broomfield,  CO,  USA)  and  the  other  fibre  to  a  spectrometer  (AvaSpec-2048 
spectrometer).  We  measured  specular  reflectance  at  coincident  normal  and  back-scattering  at 
45°  using  a  bifurcated  probe  and  a  block  holder  (AFH-15),  and  measured  diffuse  reflectance 
collectively  across  all  possible  angles  at  three  different  locations  per  feather  using  an 
integrating  sphere  with  a  black  gloss  trap  to  exclude  specular  reflectance  (AvaSphere-50- 
REFL).  To  examine  the  scattering  processes  responsible  for  producing  the  different 
reflectance  peaks,  we  used  Glan-Thompson  linear  polarizers  (Harrick  Scientific  Products, 
Pleasantville,  NY,  USA)  to  identify  whether  reflected  light  was  either  parallel  (co¬ 
polarization)  or  perpendicular  (cross-polarization)  to  that  of  polarized  incident  light  (Noh  et 
ah,  2010a;  Noh  et  ah,  2010b).  Light  that  is  scattered  only  once  will  maintain  co-polarization, 
whereas  a  multiple  scattering  process  would  lead  to  cross-polarization  (Noh  et  ah,  2010a;  Noh 
et  ah,  2010b).  All  reflectance  measurements  were  taken  relative  to  a  diffuse  white  standard 
(WS-2,  Avantes). 

Examination  of  feather  structure 

To  identify  the  mechanisms  of  colour  production,  we  examined  the  structure  of  whole 
feathers  and  feather  barbs  using  light,  scanning  electron,  and  transmission  electron 
microscopes.  We  primarily  focussed  our  attention  on  the  structure  of  barbs,  rather  than 
barbules,  because  barbules  were  either  absent  from  colour  producing  regions  or  greatly 
reduced  in  size  and  fused  to  the  underside  of  barbs  across  species  (figure  1;  see  Results).  For 
light  microscopy,  we  used  a  Leica  S8AP0  (Leica  Microsystems,  Germany)  equipped  with  a 
MicroPublisher  5.0  RTV  FireWire  camera  (Q  Imaging,  Canada).  To  prepare  samples  for 
scanning  electron  microscopy  (SEM),  we  fragmented  barbs  using  a  scalpel,  and  mounted 
them  onto  aluminium  stubs  to  allow  visualisation  of  cross-sections,  which  we  then  coated 
with  gold/palladium  for  3  min  (Igic  et  ah,  2015).  We  also  mounted  1  pm  thick  barb  cross  and 
transverse  sections  (embedded  in  Epon  and  sectioned  using  protocol  described  below)  to 
allow  SEM  visualisation  of  nanostructure  across  a  flatter  plane.  We  imaged  barb  sections 
using  a  JSM-7401F  SEM  (JEOL,  Japan),  at  a  working  distance  of  7mm,  and  an  accelerating 
voltage  of  7  kV.  To  prepare  samples  for  transmission  electron  microscopy  (TEM),  we  first 
washed  fragmented  barbs  in  100%  ethanol  for  20  min  twice,  and  then  immersed  the  washed 
fragments  in  successive  concentrations  of  15,  50,  70,  and  100%  Epon  (diluted  using  100% 
ethanol)  for  24  hours  (Shawkey  et  ah,  2003).  Barbs  were  then  placed  in  moulds  to  allow 
sectioning  of  both  cross-  and  transverse-sections  and  were  cured  in  an  incubator  for  24  hours 
at  60°C.  We  cut  100  nm  thick  sections  using  an  Ultra  45  diamond  knife  (Diatome  Ltd,  Biel, 
Switzerland)  on  a  Leica  EM  UC6  ultramicrotome  (Leica  Microsystems  GmbH,  Germany), 
which  we  placed  on  200  mesh,  formvar-coated  copper  grids  (EMS,  USA)  and  imaged  using  a 
JEOL  JEM- 1230  TEM  operating  at  120  kV.  We  examined  the  spatial  ordering  of  the  barb 
nanostructure  using  the  Fast  Fourier  Transform  (FFT)  tool  in  ImageJ 
(http://imagei.nih.gov/ij/).  We  acknowledge  the  limitations  of  using  TEM  images  and  2D  FFT 
to  test  assumptions  about  the  3D  structures  of  biological  nanostructures  (Shawkey  et  ah,  2009; 
2012),  and  therefore  use  this  only  as  an  exploratory  tool  to  examine  the  potential  for 
nanostructural  periodicity. 

Optical  Modelling 

The  internal  nanostructures  of  L.  iris  and  L.  nattereri  barbs  resembled  those  of  hexagonally- 
packed  inverse  opals.  Therefore,  we  used  a  modified  equation  based  on  Bragg’s  and  Snell’s 
laws  (Eq  1)  to  estimate  the  peak  wavelength  of  reflectance  produced  by  a  close-packed 
hexagonal  nanostructure  (Aguirre  et  ah,  2010), 
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A max  =  1-633 D  Jnef/  ~  sin26  (Eq  1.) 

where  Amax  is  wavelength  with  maximum  reflectance,  D  is  the  average  void  spacing,  neff  is 
the  effective  refractive  index  of  the  material,  and  6  is  the  angle  of  specular  reflection.  For  D, 
we  used  the  average  distance  between  void  centroids  (257  nm  ±  3.9  s.e  and  307  nm  ±  3.9  s.e. 
for  L.  iris  and  L.  nattereri,  respectively),  which  we  measured  as  an  average  nearest  neighbour 
distance  between  centroids  of  58-69  voids  on  TEM  images  (149-162  individual  nearest 
neighbour  distances).  The  effective  refractive  index  can  be  calculated  using  Eq.  2 

neff  ~~  V^-voids  "1  (1  —  1 fO^walls  (Eq  2.) 

where  <p  is  the  solid  fraction  of  the  material,  and  nvoids  and  nwalls  are  the  respective  refractive 
indices  of  the  spherical  voids  and  the  solid  walls  of  the  material.  We  estimated  cp  using  the 
binary  function  of  ImageJ  to  calculate  the  relative  proportions  walls  relative  to  voids  on  a 
section  of  the  barb  on  TEM  images.  Excluding  the  cortex  and  the  cell  vacuoles,  the  solid 
walls  contributed  to  approx.  72%  of  the  barbs  internal  structure  for  both  L.  iris  and  L. 
nattereri.  For  the  refractive  indices  of  the  voids  and  the  solid  walls,  we  respectively  used  the 
refractive  index  of  air  (n  =  1)  and  p-keratin  (n  =  1.56).  Although  this  simple  theory  can 
estimate  the  wavelength  of  peak  reflectance  of  isotropic  hexagonally  close-packed 
nanostructures,  it  cannot  be  used  to  estimate  any  other  spectral  characteristics  of  materials  and 
cannot  take  into  account  the  curvature  and  cortex  thickness  of  barbs,  nor  the  variability  in  the 
nanostructure  (table  SI),  all  of  which  could  affect  the  spectral  properties  of  these  feathers. 

In  addition  to  the  equations  for  a  hexagonally  close-packed  structure,  we  used  optical 
equations  published  in  Xiao  et  al.  (2014)  to  test  how  well  the  predictions  of  ID  multilayer 
structure  fit  the  measured  spectra  for/,,  iris  and  L.  nattereri.  These  calculations  were  based  on 
cortex  thicknesses  of  518  and  740  nm  (table  SI),  air  layer  thicknesses  of  146  and  250  nm, 
keratin  layer  thicknesses  or  104  and  98  nm  (all  respectively  for  L.  iris  and  L.  nattereri );  15 
layer  stacks,  which  was  the  approximate  number  of  keratin/air  layers  between  the  edge  and 
centre  of  medullary  cells;  volume  fractions  of  72%  for  the  air  layer;  and  the  above  specified 
refractive  indices  for  air  and  P-keratin. 

Results 

Almost  all  the  manakin  feathers  examined  here  displayed  angle-dependent  specular  coloration 
and  broad  diffuse  reflectance  (figures  3  and  SI).  L.  iris  crown  feathers  and  L.  nattereri  rump 
feathers  appeared  iridescent  to  the  human  eye  (figure  1  and  video  SI),  and  their  spectra 
showed  peaks  that  shifted  to  narrower  wavelengths  with  increasing  angles  of  specular 
reflection  (figure  3)  but  uniform  reflectance  across  integrated  diffuse  angles  (figure  SI).  By 
contrast,  L.  isidorei  crown  feathers  had  broad  reflectance  at  both  specular  and  diffuse 
geometries,  whereas  the  L.  coeruleocapilla  rump  feathers  had  blue  and  UV  peaks  in  both 
specular  and  diffuse  reflectance  geometries  (figures  2  and  SI).  Both  the  L.  iris  crown  feathers 
and  L.  nattereri  rump  feathers  had  secondary  peaks  at  shorter  wavelengths,  which  unlike  their 
primary  peaks  lost  their  polarization  (peaks  were  present  in  both  co-  and  cross-polarization), 
suggesting  that  they  were  produced  either  by  higher-order  scattering  or  diffraction  (figures  S2 
and  S3;  Noh  et  al.,  2010b).  As  a  result,  the  L.  iris  crown  feathers  displayed  dramatic  colour 
changes  (can  we  say  this  more  quantitatively?  mention  change  in  nm?)  with  subtle  changes  in 
viewing  geometry,  appearing  yellowish-green  at  specular  geometries,  while  blue  or  purple  at 
non-specular  geometries  (figure  3  and  video  SI). 

The  bright  coloration  of  these  manakins’  feathers  was  associated  with  dense  internal 
barb  nanostructures,  absence  or  limited  distribution  of  light  absorbing  melanosomes,  and  a 
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flattened  barb  morphology  for  L.  iris  feathers  (figures  4,  5,  and  S4).  The  white  barbs  of  L. 
isidorei  and  L.  nattereri  lacked  barbules  at  their  distal  ends,  whereas  L.  coeruleocapilla  and  L. 
iris  barbs  contained  short,  flat,  and  melanised  barbules  at  the  distal  ends  (figures  4,  5,  and  S4). 
Barbs  of  all  species  were  comprised  of  medullary  cells,  which  contained  central  air-fdled 
vacuoles  and  dense  spongy  networks  of  p-keratin  at  their  exteriors,  conforming  to  the  sphere- 
type  category  for  feather  barb  nanostructure  (figure  5;  Prum,  2006;  Saranathan  et  ah,  2012). 
The  central  air-filled  vacuoles  comprised  a  larger  portion  of  L.  isidorei  crown  feather  barbs 
compared  with  the  other  species  examined  here  (table  SI).  L.  isidorei  and  L.  nattereri  barbs 
lacked  melanosomes,  whereas  L.  iris  feathers  had  a  restricted  distribution  of  melanosomes 
along  one  edge  of  their  barbs  (figures  4,  5,  and  S4).  L.  coeruleocapilla  feathers  had  a  broad 
distribution  of  melanosomes  within  their  barbs  and  barbules  (figures  5  and  S4). 

The  level  of  spatial  ordering  of  their  internal  nanostructures  (figures  5  and  S5)  varied 
between  the  four  manakin  species.  L.  iris  barb  nanostructures  were  most  ordered  with  a 
hexagonally  packed  structure  characteristic  of  inverse  opal  materials  but  lacking  long-range 
order  (figures  5  and  S5).  L.  nattereri  and  L.  coeruleocapilla  barbs  had  similar  structures  near 
their  barb  cortex  but  with  lower  spatial  order  relative  to  L.  iris  barbs  (figures  5  and  S5).  The  L. 
isidorei  barbs  showed  the  least  spatial  ordering  among  the  species  examined  (figures  5  and 

55) .  The  diameter  of  voids  differed  across  the  four  species,  and  none  of  the  species  had 
perfectly  spherical  or  identically-sized  voids  (table  SI),  indicating  that  none  of  the  feathers 
had  an  isotropic  nanostructure.  Despite  their  apparent  absence  of  long-range  order  (figure  S5), 
the  peak  reflectance  predicted  by  optical  calculations  for  3D  inverse-opal  like  structures 
matched  the  measured  peak  reflectance  for  both  L.  iris  and  L.  nattereri  feathers,  and  better 
than  optical  calculations  for  a  ID  multi-layer  structure  (figure  6).  Removing  the  barbules  did 
not  visibly  affect  the  coloration  of  L.  iris  feathers,  whereas  crushing  the  barb  structure  caused 
their  barbs  to  become  translucent,  confirming  the  structural  origin  of  the  coloration  (figure 

56) . 

Discussion 

The  conspicuous  and  bright  plumage  colours  of  four  Lepidothrix  manakins  were  associated 
with  dense  and  fibrous  internal  barb  nanostructures.  The  four  species  studied  here  differed  in 
overall  barb  shape,  the  degree  of  periodicity  and  distance  between  periodic  structures  within 
the  barb’s  internal  spongy  p-keratin  matrix,  and  the  presence  and  distribution  of 
melanosomes.  The  dense  internal  networks  of  p-keratin  and  air  create  many  interfaces  for 
light  scattering,  which  in  turn  would  increase  the  overall  brightness  (the  total  broad 
reflectance  across  all  visible  wavelengths)  of  these  plumage  patches  across  all  angles  (Dyck, 
1979;  Hanrahan  and  Krueger,  1993;  Shawkey  and  Hill,  2005).  The  internal  nanostructure  of 
L.  iris  barbs  is  similar  to  barbs  of  several  for  other  species,  including  other  manakins  (this 
study;  Saranathan  et  al.,  2012),  but  differed  by  being  more  periodic.  This  periodicity,  in 
combination  with  a  flat  barb  morphology  and  limited  presence  of  melanosomes,  produced 
highly  directional  and  strongly  iridescent  coloration  on  a  pale  background  for  L.  iris  feathers. 

Although  we  detected  angle  dependent  colour  changes  for  three  of  the  four  manakin 
species,  only  L.  iris,  and  possibly  also  L.  nattereri,  are  iridescent  under  natural  light 
conditions  (functionally  iridescent).  Structural  blue  colours  produced  by  a  quasi-ordered 
nanostructure,  similar  to  that  of  L.  coeruleocapilla,  can  show  iridescence  under  the  directional 
light  of  a  spectrometer,  but  not  under  natural  light  conditions,  due  to  the  isotropic  nature  of 
the  spongy  matrix  and  the  prevalence  of  back-scattered  light  (Osorio  and  Ham,  2002;  Noh  et 
al.,  2010a).  Although  the  periodicity  of  L.  nattereri  barbs  was  similar  to  that  of  L. 
coeruleocapilla,  reddish  and  iridescent  highlights  can  be  seen  on  the  feathers  by  human  vision 
at  particular  angles,  and  therefore  also  possibly  by  female  manakins  under  natural  light 
conditions.  Interestingly,  L.  nattereri  rump  feathers  have  been  described  as  brilliant  white 
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without  reference  to  their  iridescence  (Kirwan  and  Green,  2011),  suggesting  possibly  that 
there  may  be  subtle  geographic  or  sub-species  variation  in  their  coloration.  Alternatively,  the 
absence  of  barbules  to  structure  L.  nattereri  barbs  into  a  uniform  plane  and  a  rounded  barb 
morphology  may  reduce  or  mask  the  presence  of  these  highlights  when  observing  these 
plumage  patches  as  a  whole.  Therefore,  the  presence  of  iridescence  in  this  species  requires 
further  investigation.  By  contrast,  the  pure  ultra-white  coloration  of  L.  isidorei  crown  feathers 
is  associated  with  a  dense  and  disorganized  internal  nanostructure  that  likely  causes 
wavelength-independent  scattering  of  light  to  dominate  (e.g.  Vukusic  et  al.,  2007). 

The  L.  iris  crown  feathers  were  particularly  dazzling  and  produced  diverse  colours 
with  small  changes  in  viewing  geometry  independently  of  melanosome  arrangement  (video 
SI).  To  our  knowledge,  they  provide  the  first  reported  examples  of  feathers  with  highly 
directional  iridescence  without  melanosomes.  Depending  on  angle  of  observation,  L.  iris 
crown  feathers  can  appear  white,  yellowish-green,  blue  or  purple.  These  angle-dependent 
colour  changes  are  associated  with  a  combination  of  short-range  hexagonal  nanostructural 
periodicity,  a  flattened  barb  shape,  long-range  disorder  imposed  by  the  presence  of  vacuoles 
at  the  centre  medullary  cells,  and  restricted  distribution  of  melanosomes.  For  example,  the 
yellowish-green  colour  arises  through  diffraction  of  light  by  the  periodically  arranged  air  and 
(3-keratin  matrix  and  is  likely  further  enhanced  in  the  specular  direction  by  a  flattened  barb 
morphology.  By  contrast,  blues  and  purples  are  perceived  at  non-specular  angles,  and 
therefore  likely  arise  from  either  from  higher  order  diffraction  (e.g.  Eliason  et  al.,  2013)  or 
multiple  scattering  from  a  quasi-ordered  nanostructure  (e.g.  Noh  et  al.,  2010a).  Light 
scatterometry.  Small-angle  X-ray  scattering,  and  finite-difference  time-domain  modelling 
(Saranathan  et  al.,  2012;  Wilts  et  al.,  2014)  are  necessary  to  further  clarify  the  exact 
production  mechanisms  for  colours  observed  at  non-specular  angles. 

Not  using  melanosomes  to  produce  iridescent  plumage  may  potentially  trade-off 
more  saturated  angle-dependent  colours  for  an  iridescent  signal  that  remains  visible  across  a 
wider  range  of  angles.  For  example,  including  carbon  black  as  a  light  absorbing  agent  within 
structural  coloured  films  of  colloidal  particles  increases  their  colour  saturation  through 
absorption  of  multiply  scattered  light,  at  the  expense  of  reduced  total  reflectance  over  human 
visible  wavelengths  (Takeoka  et  al.,  2013;  Ohtsuka  et  al.,  2015).  The  absence  of  melanosomes 
(and  hence  washing  out  of  color  due  to  increased  multiple  scattering)  may  further  explain  why 
the  L.  nattereri  rump  feathers  appear  pinkish,  rather  than  a  saturated  red  like  structural  reds 
produced  using  melanosomes  (e.g.  Greenewalt  et  al.,  1960;  Eliason  et  al.,  2013;  Xiao  et  al., 

2014) .  L.  nattereri  rump  feathers  may  appear  purple  or  pink,  rather  than  red,  if  on  a  darker 
melanised  background  (Magkiriadou  et  al.,  2014)  because  they  lack  long-range  order  in  their 
nanostructure  and  exhibit  secondary  peaks  at  shorter  wavelengths.  Although  L.  iris  barbs 
contained  flat  melanised  barbules  on  their  posterior  side,  and  a  restricted  distribution  of 
melanosomes  within  the  barb  cortex,  these  melanosomes  appeared  to  contribute  little  to  barb 
colour  production  as  coloration  persisted  on  unmelanised  regions  of  barbs  even  after  removal 
of  the  barbules.  The  limited  posterior  distribution  of  melanosomes  on  L.  iris  barbs  may  absorb 
some  of  the  backscattered  light  and  increase  purity  of  colours  to  some  extent  (Shawkey  and 
Hill,  2006).  The  higher  refractive  index  contrast  between  [3-keratin  and  air  (1.56  vs  1)  than 
between  [3-keratin  and  melanosomes  (1.56  vs.  1.7;  Leertouwer  et  al.,  2011;  Stavenga  et  al., 

2015)  may  also  increase  the  scattering  of  light  within  the  nanostructure  and  may  contribute  to 
a  paler  appearance;  however,  this  hypothesis  requires  further  investigation. 

Our  findings  suggest  that  the  plumage  ornaments  of  some  Lepidothrix  manakins  are 
under  selection  to  maximise  their  brightness  across  all  possible  viewing  geometries,  resulting 
in  iridescent  colour  signals  with  a  pale  background.  Increasing  the  total  reflectance  across  all 
visible  wavelengths  (achromaticity)  and  viewing  angles  may  increase  the  detectability  of 
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these  traits  by  females  as  males  fly  around  in  dim  forest  light  conditions.  Birds,  like  most 
animals,  process  achromatic  and  chromatic  components  of  colour  signals  differently,  and 
achromatic  components  are  particularly  important  in  detection  of  motion,  form,  and  patterns 
(Osorio  and  Vorobyev,  2005;  Kemp  et  al.,  2015),  and  therefore  could  be  more  important 
during  the  dynamic  and  fast-paced  aspects  of  a  male  manakin’s  display.  Although  the 
courtship  displays  of  the  species  examined  here  are  not  well  described,  their  displays  can 
involve  extremely  quick  flights  between  several  locations  (Anciaes,  2014).  Lepidothrix 
manakins  reside  within  neotropical  rainforests  where  tall  and  dense  trees  restrict  the  amount 
of  sunlight  transmitted  through  the  forest  canopy  (Doucet  et  al.,  2007),  and  species  generally 
benefit  from  being  brighter  in  darker  environments  (Marchetti,  1993).  Ambient  light  is  an 
important  factor  in  avian  courtship  rituals  including  those  of  manakins:  male  manakins  are 
known  to  select  display  sites  with  more  available  light  or  to  manipulate  the  environment  to 
increase  the  amount  of  available  light  (Endler  and  Thery,  1996;  Uy  and  Endler,  2004). 
Intriguingly,  the  iridescent  plumage  patches  of  both  L.  iris  and  L.  nattereri  showed  primary 
peaks  at  longer  wavelengths  which  may  be  particularly  important  in  luminance  perception 
(Osorio  and  Vorobyev,  2005).  Crown  feathers  of  L.  iris  in  particular  are  able  to  produce 
abrupt  flashes  of  bright  colour,  which  may  be  particularly  dazzling  as  a  male  tilts  his  head 
during  specific  stages  of  display  (e.g.  Anciaes,  2014).  Therefore,  both  the  achromatic  and 
chromatic  components  of  male  plumage  ornaments  are  important  in  display. 

It  is  unclear  why  these  types  of  pale  opalescent  colours  are  not  more  common  among 
birds.  Although  several  other  species  are  described  as  having  opalescent  plumage  ( Tangara 
callophiys  and  T.  velia),  it  is  yet  unclear  whether  these  species  possesses  similar  spectral 
properties  or  production  mechanisms  as  manakins  described  here.  These  ordered 
nanostructures  within  barbs  may  be  physiologically  more  difficult  to  produce  than 
melanosome-based  iridescent  colours  within  barbules.  For  example,  these  highly  periodic 
arrangements  of  p-keratin  and  air  may  be  difficult  to  achieve  through  the  passive  self- 
assembly  processes  of  phase  separation  likely  used  to  produce  the  quasi-ordered 
nanostructures  of  some  feather  barbs  (Saranathan  et  al.,  2012),  and  this  hypothesis  should  be 
tested.  Furthermore,  to  better  understand  the  function  of  these  types  of  ornaments,  future  work 
should  examine  how  these  colour  patches  appear  to  a  female  in  relation  to  natural  light 
conditions  and  the  male’s  movements  during  display. 

Figure  captions 

Figure  1.  Study  species  and  feathers.  Photographs  of  (a)  L.  isidorei  (credit  Ben  Sadd)  and  (b) 
L.  iris  (credit  Marcelo  Barreiros),  as  well  as  (c)  L.  isidorei  crown,  (d)  L.  iris  crown,  (e)  L. 
nattereri  rump,  and  (f)  L.  coendeocapilla  rump  feathers.  Scale  bars:  0.5  mm. 

Figure  2  Specular  reflectance  of  individual  feathers  at  5°  angle  increments  starting  at  10° 
(dark  grey),  and  up  to  50°  (light  gray),  from  coincident  normal  (0°):  (a)  L.  isidorei  crown,  (b) 
L.  iris  crown,  (c)  L.  nattereri  rump,  and  (d)  L.  coeruleocapilla  rump  feathers.  Due  to  small 
size,  crown  feathers  could  only  be  measured  up  to  45°  from  coincident  normal. 

Figure  3.  L.  iris  crown  feathers  at  incident  light  at  different  viewing  geometries:  (a  &  c) 
normal  incidence;  (b  &  d)  45°  +  30°  from  normal  incidence;  (e)  in  transmittance.  Images 
show  feathers  either  dorsal  side  up  (a  &  b)  or  ventral  side  up  (c-d).  Black  regions  seen  in  (c-d) 
are  melanised  barbules  and  narrow  melanised  region  of  the  barb  cortex.  Scale  bars  are  0.5  mm 
(a  &  b)  and  0.1  mm  (c-d). 
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Figure  4.  SEM  images  of  whole  barb  cross-sections  for  (a)  L.  isidorei  crown,  (b)  L.  iris 
crown,  (c)  L.  nattereri  rump,  and  (d)  L.  coeruleocapilla  rump  feathers.  Melanised  regions  of 
barbs  are  indicated  by  dashed  lines  and  the  melanised  barbule  with  “B”.  Scale  bars:  10  pm. 

Figure  5.  SEM  images  of  barb  cross-sections  at  the  junction  of  the  cortex  and  medulla  for  (a) 
L.  isidorei  crown,  (b)  L.  iris  crown,  (c)  L.  nattereri  rump,  and  (d)  L.  coeruleocapilla  rump 
feathers.  Melanised  barbule  is  indicated  with  “B”.  Scale  bars:  1  pm. 

Figure  6.  Measured  (black  lines)  and  predicted  spectral  properties  predicted  using  optical 
models  for  3D  inverse-opal  photonic  crystals  (blue  lines)  or  ID  multilayers  (red  lines)  for  L. 
iris  crown  (a  &  b)  and  L.  nattereri  rump  (c  &  d)  feathers  at  normal  incidence  (a  &  c)  or  across 
different  specular  angles  (b  &  d).  Note  that  (c)  illustrates  the  predicted  secondary  reflectance 
peak  for  a  ID  multilayer,  whereas  values  in  (d)  are  peak  reflectance  for  the  primary  peak. 
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Figure  1.  Study  species  and  feathers.  Photographs  of  (a)  L.  isidorei  (credit  Ben  Sadd)  and  (b) 
L.  iris  (credit  Marcelo  Barreiros),  as  well  as  (c)  L.  isidorei  crown,  (d)  L.  iris  crown,  (e)  L. 
nattereri  rump,  and  (f)  L.  coendeocapilla  rump  feathers.  Scale  bars:  0.5  mm. 


Shawkey  M.D.  AFOSR  Final  Report  2016 


17 


Figure  2  Specular  reflectance  of  individual  feathers  at  5°  angle  increments  starting  at  10° 
(dark  grey),  and  up  to  50°  (light  gray),  from  coincident  normal  (0°):  (a)  L.  isidorei  crown,  (b) 
L.  iris  crown,  (c)  L.  nattereri  rump,  and  (d)  L.  coeruleocapilla  rump  feathers.  Due  to  small 
size,  crown  feathers  could  only  be  measured  up  to  45°  from  coincident  normal. 
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Figure  3.  L.  iris  crown  feathers  at  incident  light  at  different  viewing  geometries:  (a  &  c) 
normal  incidence;  (b  &  d)  45°  +  30°  from  normal  incidence;  (e)  in  transmittance.  Images 
show  feathers  either  dorsal  side  up  (a  &  b)  or  ventral  side  up  (c-d).  Black  regions  seen  in  (c-d) 
are  melanised  barbules  and  narrow  melanised  region  of  the  barb  cortex.  Scale  bars  are  0.5  mm 
(a  &  b)  and  0.1  mm  (c-d). 
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Figure  4.  SEM  images  of  whole  barb  cross-sections  for  (a)  L.  isidorei  crown,  (b)  L.  iris 
crown,  (c)  L.  nattereri  rump,  and  (d)  L.  coeruleocapilla  rump  feathers.  Melanised  regions  of 
barbs  are  indicated  by  dashed  lines  and  the  melanised  barbule  with  “B”.  Scale  bars:  10  pm. 
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Figure  5.  SEM  images  of  barb  cross-sections  at  the  junction  of  the  cortex  and  medulla  for  (a) 
L.  isidorei  crown,  (b)  L.  iris  crown,  (c)  L.  nattereri  rump,  and  (d)  L.  coeruleocapilla  rump 
feathers.  Melanised  barbule  is  indicated  with  “B”.  Scale  bars:  1  pm. 
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Figure  6.  Measured  (black  lines)  and  predicted  spectral  properties  predicted  using  optical 
models  for  3D  inverse-opal  photonic  crystals  (blue  lines)  or  ID  multilayers  (red  lines)  for  L. 
iris  crown  (a  &  b)  and  L.  nattereri  rump  (c  &  d)  feathers  at  normal  incidence  (a  &  c)  or  across 
different  specular  angles  (b  &  d).  Note  that  (c)  illustrates  the  predicted  secondary  reflectance 
peak  for  a  ID  multilayer,  whereas  values  in  (d)  are  peak  reflectance  for  the  primary  peak. 
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ABSTRACT 

Gloss  is  a  common  property  of  materials  that  usually  arises  through  specular  reflection  from 
smooth,  flat  surfaces.  In  birds,  as  in  other  organisms,  colors  are  produced  by  pigments, 
nanostructures  that  scatter  light,  or  both.  Atypically,  however,  the  gloss  on  black  feathers  is 
produced  in  part  by  the  organization  of  melanin-containing  organelles  (melanosomes)  under  a 
thin  keratin  cortex.  Brightly  colored  feathers,  including  brilliant  reds  produced  by  carotenoids, 
are  sometimes  comparably  shiny.  How  pigments  and  feather  structure  interact  to  produce 
gloss  on  these  feathers  has  never  been  examined.  Here,  we  compared  the  optical  and 
structural  properties  of  carotenoid-based  red  feathers  to  identify  the  proximate  basis  for  their 
glossiness.  Glossy  red  feathers  had  thicker  barbs  with  a  flatter  and  more  homogeneous  planar 
morphology,  consistent  with  expectations,  as  well  as  thicker  outer  keratin  cortices.  Our  results 
demonstrate  that  gloss  of  carotenoid-based  red  feathers  is  produced  at  least  in  part  by  barb 
micro  structure  and  nanostructure,  illustrating  a  novel  color-producing  interaction  that  neither 
pigment  nor  microstructure  could  alone  attain.  Whether  and  how  the  ecology  and  evolution  of 
these  colors  differs  from  typical  red  feathers  will  be  rich  areas  for  future  study. 

INTRODUCTION 

Bright  avian  plumage  colors  are  some  of  the  most  conspicuous  signals  found  in  animals, 
playing  important  roles  in  intra-  and  interspecific  communication,  as  well  as  camouflage  and 
heat  regulation  (Hill  &  McGraw,  2006).  Understanding  the  mechanisms  underlying 
production  and  maintenance  of  feather  colors  is  critical  to  understanding  their  function  (Prum, 
2006;  Shawkey,  Morehouse  &  Vukusic,  2009;  Wilts  et  al.,  2014),  the  constraints  on  their 
production  (Shawkey  et  al.,  2015;  McGraw,  2006;  Galvan  &  Alonso-Alvarez,  2008),  and 
their  evolution  (Stoddard  &  Prum,  2011,  Maia,  Rubenstein  &  Shawkey,  2013;  Eliason,  Maia 
&  Shawkey,  2015).  Traditionally,  feather  colors  have  been  classified  as  either  pigment-based 
(produced  by  selective  absorption  of  certain  wavelengths  of  light  by  molecules,  mainly 
melanins  and  carotenoids)  or  structural  (produced  by  differential  scattering  and  interference  as 
light  interacts  with  materials  of  varying  refractive  indices;  Prum,  2006).  However,  structural 
and  pigmentary  components  of  coloration  often  interact  to  produce  colors.  For  example,  in 
budgerigar  ( Melopsittacus  undulatus,  Gould,  1840)  feathers  a  pigment  selectively  absorbs 
blue  wavelengths,  enhancing  the  green  color  produced  by  the  nanostructured  spongy  matrix  of 
keratin  and  air  (D’Alba,  Kieffer  &  Shawkey,  2012).  In  fact,  variation  in  colors  traditionally 
interpreted  as  “pigment-based”  can  often  be  structurally  derived  (Shawkey  &  Hill,  2005; 
Evans  &  Sheldon,  2012,  Jacot  et  al,  2010,  San-Jose  et  al.,  2013),  and  this  variation  might  be 
as  relevant  in  signaling  and  interactions  as  that  controlled  by  pigment  deposition  itself. 
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Most  studies  of  coloration  have  focused  on  examining  brightness,  hue  and  saturation, 
while  overlooking  other  properties  such  as  iridescence  and  glossiness.  Gloss,  the  quality  of 
mirror-like  or  specular  reflectance  characteristic  of  surfaces,  is  a  common  component  of  avian 
feathers  and  is  usually  produced  by  smooth  polished  surfaces  (Toomey  et  al.,  2010).  A  few 
recent  studies  have  brought  attention  to  gloss  by  attempting  to  quantify  it  (Toomey  et  al., 
2010)  and  identify  the  morphological  features  underlying  its  production  (Maia,  D’Alba  & 
Shawkey,  2011;  Igic  et  al.,  2015).  Gloss  is  noticeable  on  darkly  colored  surfaces,  such  as 
melanin-based  black  feathers,  where  specular  highlights  contrast  markedly  with  the  dark 
diffusely  reflected  color.  However,  gloss  can  also  be  observed  in  feathers  colored  by  other 
pigment  types  like  carotenoids. 

From  the  velvety  bib  of  the  House  Finch  ( Haemorhous  mexicanus,  Muller,  1776)  to 
the  fiery  crests  of  woodpeckers  (Piciformes),  carotenoid-based  red  feathers  can  vary 
dramatically  in  their  amount  of  gloss  (Fig.  1).  However,  the  proximate  mechanism  underlying 
gloss  in  red  feathers  may  be  dramatically  different  than  that  observed  in  black  feathers.  This  is 
because  the  latter  is  controlled  by  the  degree  of  organization  and  continuity  in  the  layer 
formed  by  the  rod-shaped  melanin-containing  organelles  (melanosomes),  as  well  as  by  the 
thickness  of  the  keratin  layer  that  overlays  it  (Maia  et  al.  2011).  Carotenoids  and  other  red 
pigments,  however,  are  not  found  in  organelles,  and  instead  are  diffusely  mixed  within  the 
keratin  matrix  of  the  feather  (Shawkey  &  Hill,  2005;  Shawkey  et  al.  2009).  Thus,  gloss  is 
likely  produced  by  different  mechanisms  in  carotenoid-pigmented  feathers. 

The  objective  of  this  study  was  to  characterize  gloss  in  red-pigmented  feathers,  and 
identify  the  underlying  mechanisms  responsible  for  its  production  and  variation.  We 
quantified  gloss  using  angle-resolved  spectrometry  and  compared  it  between  carotenoid-based 
red  feathers  visually  classified  as  either  glossy  or  matte.  We  then  identified  the  morphological 
basis  of  gloss  by  relating  it  to  the  morphology  and  nanostructure  of  these  feathers.  Because 
red  carotenoid-based  feathers  lack  discrete  organelles  to  contain  pigments,  we  hypothesized 
that  barb  morphology,  rather  than  sub-surface  barb  or  barbule  nanostructure  would  explain 
glossiness. 


METHODS 
Sample  Collection 

Samples  of  red  bird  feathers  were  collected  from  the  ornithological  collection  of  The 
University  of  Akron  and  the  Cleveland  Museum  of  Natural  History.  Twenty-six  samples  from 
several  avian  families  were  collected  and  visually  classified  by  four  different  observers  as 
either  matte  (n=13)  or  glossy  (n=13).  Seven  feathers  of  each  bird  were  collected  (see  table  1): 
five  were  used  for  spectrometry  measurement,  and  the  rest  were  embedded  for  light 
microscopy  and  transmission  electron  microscopy  (see  methods  below). 

Color  measurements 

We  stacked  and  taped  five  feathers  directly  on  top  of  one  another  to  a  holder  with  a  matte 
black  velvet  background  and  measured  their  reflectance  between  300-700  nm  (i.e.  the  bird- 
visible  spectrum)  using  an  Avantes  AvaSpec-2048  spectrometer  and  AvaLight-XE  pulsed 
xenon  light  source  and  Avantes  WS-2  white  standard  as  a  reference.  We  measured  feathers  in 
stacks  rather  than  on  study  skins  to  minimize  variation  due  to  e.g.  curvature  of  the  bird’s 
body.  Gloss  can  be  affected  by  both  specular  and  diffuse  reflectance,  so  we  measured  both  on 
the  same  samples  using  standard  techniques.  To  quantify  specular  reflectance,  we  took  point- 
source  reflectance  measurements  using  two  separate  probes  both  placed  at  60°from  the  plane 
normal  using  a  block  holder  (AFH-15,  Avantes  Inc.).  Measuring  at  this  angle  minimizes 
scattering  from  the  bulk  material  (i.e.  pigments,  keratin  fibers)  (Maia  et  al.  2011,  Hunter 
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1937)  and  thus  maximizes  our  estimates  of  gloss.  We  measured  reflectance  with  the  light 
source  oriented  parallel  to  the  barbs.  A  subsample  measured  with  the  light  source  orthogonal 
to  the  barbs  showed  higher  reflectance  for  both  glossy  and  matte  feathers  (Fig.  2),  indicating 
that  sample  orientation  would  similarly  affect  both  sets  of  samples  and  therefore  likely  would 
not  affect  our  conclusions.  We  quantified  diffuse  reflectance  with  an  integrating  sphere 
(AvaSphere-50-REFL,  Avantes  Inc.)  equipped  with  a  black  gloss  trap  to  exclude  specular 
reflectance  (AvaSphere-GT50,  Avantes  Inc.).  We  took  three  measurements  for  each  species, 
moving  the  probe  holder  slightly  between  measurements,  and  averaged  the  spectra  to  account 
for  variation  in  reflectance  along  the  feather  surface.  We  calculated  contrast  gloss  as  the  ratio 
of  summed  specular  to  summed  diffuse  reflectance  (Hunter’s  contrast  gloss:  Hunter,  1937; 
Maia,  2011;  Igic  et  al.  2015).  All  spectral  analyses  were  done  in  R  using  the  pavo  package 
(Maia  et  al.,  2013). 

Feather  microstructure  analysis 

We  examined  feathers  using  light  microscopy  (LM)  and  transmission  electron  microscopy 
(TEM)  to  identify  the  mechanisms  for  gloss  production  by  red  feathers.  We  embedded  the 
feathers  using  a  standard  protocol  (described  in  Shawkey  et  al.,  2003),  trimmed  blocks  with  a 
Leica  S6  EM-Trim  2  (Leica  Microsystems  GmbH,  Wetzlar,  Germany)  and  cut  80  nm  thick 
ultrathin  sections  with  an  Ultra  45  diamond  knife  (Diatome  Ltd,  Biel,  Switzerland)  on  a  Leica 
UC-6  ultramicrotome  (Leica  Microsystems  GmbH,  Wetzlar,  Germany).  We  prepared  100-nm 
thick  samples  for  TEM  analysis  and  500-nm  thick  sections  for  LM.  To  clearly  observe  interior 
structure  and  pigment  distribution,  we  stained  cross-sections  with  either  toluene  for  LM  or 
cthidium  bromide  for  TEM.  We  viewed  the  cross-sections  using  a  Leica  light  microscope  and 
a  JEOL  JEM-1230  TEM  at  an  operating  voltage  of  120  kV.  We  used  ImageJ 
(http://fiii.se/Fiji)  to  measure  barb  thickness  (area  in  pm2  occupied  by  a  cross-section);  barb 
curvature  at  the  exposed  (visible)  portion  of  the  barb  surface  where  we  observed  maximal 
gloss  (arc  length  divided  by  the  radius  of  a  circle  fit  to  a  set  of  points  along  the  edge  of  a  barb 
profile;  Berresford  &  Rockett,  2013);  the  aspect  ratio  of  barbs  (length  divided  by  width, 
measured  at  the  outermost  points  of  a  barb  profile);  average  distance  between  barbs 
(measured  as  the  spacing  along  the  rachis  between  ten  consecutive  barbs);  barb  density 
(measured  as  the  number  of  barbs  divided  by  the  rachis  length)the  length  of  the  barb  ramus 
covered  by  barbules  (as  a  proportion  of  total  ramus  length).  In  addition  to  surface  structure, 
the  amount  of  light  reflected  from  a  material  may  also  depend  on  the  thickness  of  the 
outermost  layer,  which  could  act  as  a  thin-film  reflector  (Prum  2006).  Therefore,  in  addition 
to  quantifying  barb  microstructure,  we  determined  the  average  thickness  and  coefficient  of 
variation  for  the  thickness  of  the  keratin  cortex  (Maia  et  al.  2011)  at  the  outer  edge  of  barbs 
from  TEM  images. 


Geometric  morphometries  of  barb  shape 

Digitized  images  of  the  barb  thin  sections  where  used  to  investigate  variation  in  cross- 
sectional  shape  between  the  sampled  species.  Due  to  the  sub-circular  outline  of  the  sectioned 
barbs  and  lack  of  multiple,  clear  anatomically  homologous  features,  traditional  landmark 
based  morphometric  techniques  (Bookstein,  1982)  would  be  inappropriate  for  these  samples. 
The  analysis  of  outlines  via  eigenshape  shape  analysis  (sensu  MacLeod,  1999)  has  been 
successfully  implemented  in  many  recent  studies  (Ubukata  et  al.,  2009;  Astrop,  2011;  Astrop 
et  al.,  2012;  Wilson  et  al.,  2013a,  b)  to  assess  morphological  variation  within  and  between 
taxa  where  such  homologous  features  are  absent. 

Eigenshape  analyses  operate  via  the  conversion  of  the  digitized  outline  of  an  individual 
specimen  into  equidistant,  Cartesian  (x-y)  coordinates.  These  digitized  coordinates  are  then 
transformed  (removing  size,  scale  and  rotation  from  the  analysis)  into  a  shape  function  as 


Shawkey  M.D.  AFOSR  Final  Report  2016 


25 


angular  deviations  (phi  function:  (p;  Zahn  &  Roskies,  1972)  that  describe  the  shape  of  the 
curve.  This  description  is  derived  from  a  set  of  empirical,  orthogonal  shape  functions  via  an 
eigenfunction  analysis  of  a  matrix  of  correlations  between  shapes.  Eigenshape  scores  can  then 
be  used  to  project  individual  specimens  into  a  multi-dimensional  morphospacc  that  allows  the 
interpretation  of  individual  vectors  of  shape  change. 

Outlines  of  the  samples  were  digitized  into  20  equidistant  points  from  the  apex  of  curvature  at 
the  dorsum  of  the  barb  (type  II  landmark)  using  tpsDig2  (Rohlf,  2001).  Eigenshape  analyses 
were  performed  using  FORTRAN  routines  written  by  Norman  MacLeod  (NHM  London).  The 
eigenshape  functions  in  the  freely  available  PAST  program  (Harper  &  Ryan,  2001)  were 
implemented  for  shape  visualization. 


Statistical  analyses 

We  used  statistical  models  to  test  whether  feather  morphology  affects  observer  classifications 
of  glossiness  and  spectrometric  measurements.  First,  we  tested  whether  human  classified 
glossy  and  matte  feather  differed  in  respect  to  contrast  gloss,  diffusely  reflected  brightness, 
and  specularly  reflected  brightness.  Secondly,  we  tested  whether  human  classified  glossy  and 
matte  feather  differed  in  respect  to  barb  thickness,  barb  curvature,  barb  cortex  thickness,  bar 
density,  barbule  coverage,  and  aspect  ratio  of  barbs.  To  avoid  problems  of  collinearity 
between  morphological  measurements,  we  used  principal  component  (PC)  analysis  on  the 
correlations  matrix  of  these  morphological  measurements  to  reduce  them  to  several 
orthogonal  axes  that  explain  the  greatest  amount  of  total  variance  (Table  SI).  Prior  to  PC 
analysis,  we  log  transformed  barb  thickness  and  curvature,  and  arcsine  transformed  barbule 
coverage,  to  improve  their  normality.  In  our  analyses,  we  included  the  first  four  PC  axes  that 
collectively  explained  90%  of  the  total  variance.  For  example,  the  first  PC  axis  compared  the 
barb  thickness,  cortex  thickness,  and  density  to  barb  curvature,  barb  aspect  ratio,  and  barbule 
coverage,  whereas  the  second  PC  compared  the  barb  thickness,  curvature,  and  cortex 
thickness  to  barb  aspect  ratio  (Table  SI).  We  used  penalized  maximum  likelihood  logistic 
regression  to  test  whether  morphological  variation  explained  by  the  first  four  PC  axes 
influences  the  probability  that  human  vision  classifies  a  feather  as  glossy  versus  matte  (Table 
S2).  Thirdly,  we  used  linear  models  to  test  whether  morphological  variation  explained  by  the 
first  four  PC  axes  influences  contrast  gloss,  diffusely  reflected  brightness,  and  specularly 
reflected  brightness  (Table  S2).  We  log  transformed  contrast  gloss,  diffuse  brightness,  and 
specular  brightness  to  improve  the  normality  and  homogeneity  of  variance  among  residuals. 

As  shared  common  ancestry  between  species  can  influence  the  outcomes  of 
comparative  analyses,  we  repeated  the  above  analyses  while  also  controlling  for  phylogenetic 
relatedness  among  species.  However,  including  phylogenetic  controls  did  not  affect  our 
results  (Tables  S3  and  S4),  and  we  therefore  report  results  from  non-phylogenetically 
controlled  models  below. 

Finally,  we  used  permutational  MANOVAs  based  on  distance  metrics  to  test  for 
differences  across  eigenshape  axes  between  human  classified  matte  and  glossy  feathers. 

All  statistical  analyses  were  conducted  in  R  v3.2.2.  We  fit  linear  models  using  the 
lm()  function  in  the  base  package  of  R  and  the  penalized  maximum  likelihood  logistic 
regression  model  using  logistfQ  of  the  logistf  package  (Ploner  et  al.  2013).  We  conducted 
phylogenetic  PC  analysis  using  the  phyl.pca()  function  of  the  phytools  package  (Revell  2012) 
and  phylogenetically  controlled  general  linear  models  using  the  phylolm()  and  phyloglm()  of 
the  phylolm  package  (Ho  &  Ane  2014).  We  conducted  permutational  MANOVAs  using  the 
adonis()  function  and  assessed  homogeneity  of  variance  among  glossy  and  matte  feathers  by 
comparing  distances  from  points  to  group  centroids  using  the  betadisper()  function  in  the 
vegan  package  (Oskanen  et  al.,  2015). 

RESULTS 
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Reflectance  and  Gloss 

Our  visual  classification  of  feathers  as  “matte”  or  “glossy”  reflected  quantifiable  differences 
in  their  reflectance  properties  (Figure  3A).  Human-classified  matte  feathers  had  diffuse 
reflectance  over  twice  as  high  as  glossy  feathers  (estimate  ±  s.e:  -0.78  ±0.13,  t2 3  =  -6.06,  P  < 
0.001;  Figure  3B),  but  the  two  groups  did  not  differ  in  their  specular  reflectance  (estimate  ± 
s.e:  0.10  ±  0.17,  t2 3  =  0.60,  P  =  0.56;  Figure  3C).  As  a  consequence,  their  contrast  gloss 
significantly  differed  by  a  similar  magnitude  to  that  of  diffuse  reflectance  measurements 
(estimate  ±  s.e:  0.88  ±  0.14,  t2 3  =  6.23,  P  <  0.001;  Figure  3D). 

Gloss  and  Feather  Morphology 

The  morphology  of  human  classified  matte  and  glossy  red  feathers  differed.  Glossy  feathers 
had  barbs  that  were  flatter,  thicker,  less  covered  by  barbules,  and  had  thicker  cortices  (PCI: 
estimate  ±  s.e:  1.75  ±  0.78,  xl  =  16.65,  P  <  0.0001;  Table  2,  S2). 

Feather  morphology  also  affected  the  reflectance  properties  of  red  feathers.  Diffuse 
reflectance  decreased  (PCI:  estimate  ±  s.e:  -0.23  ±  0.04,  t2 0  =  -5.28,  P  <0.0001;  Figure  4A; 
Table  S2)  ,  while  contrast  gloss  increased  (PCI:  estimate  ±  s.e:  0.26  ±  0.05,  t2 0  =  5.04,  P 
<0.0001;  Figure  4D;  Table  S2)  as  barbs  were  flatter,  thicker,  with  thicker  cortices,  and  were 
less  covered  by  barbules.  In  addition,  diffuse  reflectance  decreased  as  barbs  were  rounder 
with  lower  aspect  ratios  (PC2:  estimate  ±  s.e:  -0.13  ±  0.06,  t20  =  -2.41,  P  =  0.03;  Figure  4B; 
Table  S2).  By  contrast,  specular  reflectance  was  not  associated  with  any  morphological 
measurements  (all  P  >  0.05;  Figure  4C;  Table  S2). 


Gloss  and  Barb  Geometric  Morphometries 

Matte  and  glossy  barbs  differed  significantly  in  their  overall  shape  based  on  the  first  three 
axes  of  shape  variation  (permutational  MANOVA:  Fly  23  =  4.26,  P  =  0.005,  R2  =  15.65%; 
Figure  5)  and  did  not  differ  in  levels  of  within-group  variation  (analysis  of  multivariate 
homogeneity  of  group  dispersions:  F\t  23  =  1.79,  P  =  0.19).  The  first  three  eigenshapes 
account  for  64%  of  the  observed  variation  within  the  dataset.  Eigenshape  1  highlights  changes 
in  shape  of  the  ventral  width  of  the  barb  and  accounts  for  30%  of  the  shape  variation. 
Eigenshape  2  (accounting  for  22%  of  the  shape  variation)  described  changes  in  the  width 
toward  the  dorsal  apex  of  the  barb.  Eigenshape  3  described  changes  in  the  overall  width, 
centred  toward  the  middle  of  the  barb,  accounts  for  12%  of  the  captured  variation  in  shape 
and.  The  third  eigenshape  (describing  differences  on  the  curvature  of  the  midsection  of  the 
barb  cross-section,  Figure  5)  was  the  only  significant  predictor  of  contrast  gloss  such  that 
glossy  feathers  had  flatter  (less  concave)  barb  midsections  (estimate  ±  s.e:  0.23  ±  0.11,  t20  = 
2.11,  P  <0.05;  Figure  5;  Table  S5). 


DISCUSSION 

Gloss  has  been  studied  extensively  in,  for  example,  human  hair  ()  and  synthetic 
materials  (),  but  sparsely  in  eggs  (Igic  et  al.  2015)  and  feathers  (Toomey  et  al.  2010,  Maia  et 
al.  2011).  Glossy  surfaces  in  all  these  cases  are  typified  by  high  specular  reflectance.  Thus,  we 
expected  glossy  red  feathers  to  have  higher  specular  reflectance  than  matte  feathers,  but  they 
did  not.  Instead,  they  had  lower  diffuse  reflectance,  leading  to  higher  gloss  as  defined  as  the 
ratio  of  specular  to  diffuse  reflectance.  Our  morphological  analyses  of  glossy  and  matte 
feathers  revealed  distinct  differences  in  barb  shape  that  were  strongly  associated  with  matte 
and  glossy  feather  types.  Form-function  analyses  of  these  morphotypes  showed  that  large,  flat 
barbs  reflect  light  more  strongly  in  the  specular  direction,  whereas  smaller,  curved  barbs 
reflect  light  diffusely  in  multiple  directions.  One  possible  reason  for  the  positive  relationship 
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between  barb  size  and  glossiness  is  that  large  barbs  result  in  greater  surface  area  for  light 
reflection  (Marschner,  2004;  Keis  et  al.  2004);  lower  barb  density  would  cause  diffuse 
scattering  from  barb  edges.  The  negative  relationship  between  barb  ramus  curvature  and 
glossiness  is  consistent  with  optical  theory,  as  curved  (convex)  surfaces  scatter  light  more 
diffusely  than  flat  surfaces,  leading  to  lower  gloss  (Hecht  &  Zajac,  1974;  Barkas,  1939).  A 
similar  effect  has  recently  been  described  in  dragonfly  wings  (Nixon,  Orr  &  Vukusic,  2015). 
The  presence  of  barbules  may  enable  a  smooth,  continuous  sheet-like  orientation  of  barbs  via 
interlocking  hooklets  and  at  the  same  time  increase  diffuse  scattering,  which  could  potentially 
explain  why  barbules  were  positively  associated  with  both  specular  and  diffuse  reflectance, 
but  not  gloss  (Fig.  4). 

The  positive  relationship  between  gloss  and  cortex  thickness  indicates  that 
nanostructure  may  play  a  role  in  gloss  production.  Interestingly,  the  buttercup  flower 
( Ranunculus  repens,  Linnaeus,  1753)  produces  glossy  yellow  color  through  specular 
reflection  from  a  smooth  outer  surface  containing  pigments  (Vignolini  et  al.  2012).  However, 
red  feathers  have  carotenoids  distributed  throughout  their  barbs,  so  it  is  unlikely  that  they 
share  this  mechanism  with  buttercups.  Keratin  cortices  in  glossy  red  feathers  are  -65  nm 
thinner  on  average  than  those  that  contribute  to  glossy  color  in  black  feathers  (Maia  et  al. 
2011),  but  are  nevertheless  within  the  proper  size  range  to  produce  color  by  thin  film 
interference  (Hecht  and  Zajac,  1974;  Shawkey  et  al.  2009).  However,  the  refractive  index 
contrast  between  the  cortex  and  the  underlying  keratin  in  red  feathers,  unlike  that  between  the 
cortex  and  melanosomes  in  glossy  black  feathers,  is  likely  low.  Thus,  reflectance  from  this 
layer  should  be  weak,  but  more  data  on  refractive  indices  (e.g.  Wilts  et  al.)  are  needed  to  state 
this  more  definitively 

Variation  in  carotenoid  concentration  may  also  affect  glossiness.  Because  they 
absorb  light  (McGraw  2006),  higher  concentrations  of  carotenoids  should  strongly  reduce 
diffuse  reflectance.  This  would  lead  to  a  darker  background  reflectance  against  which 
specular  reflectance  would  be  more  visible.  Indeed,  this  may  explain  why  diffuse  reflectance 
of  glossy  feathers  was  lower  than,  and  specular  reflectance  was  unexpectedly  similar  to,  that 
of  matte  feathers.  Furthermore,  it  would  explain  why  only  reflection  at  longer  wavelengths 
(-600-700  nm),  where  carotenoids  do  not  absorb,  are  strongly  angle-dependent  (Figure  2): 
gloss  may  be  most  visible  in  wavelengths  where  its  effects  are  not  diluted  by  absorbance  from 
carotenoids.  Analyzing  relative  carotenoid  content  of  these  feathers  will  enable  us  to  test  this 
hypothesis  in  the  future. 

Taken  together,  these  results  imply  that  barb  morphology,  barbule  presence/absence 
and  carotenoid  concentration  collectively  contribute  to  produce  gloss.  However,  the  precise 
optics  of  this  system  remain  to  be  examined  in  the  future.  Furthermore,  the  unexpectedly 
high  levels  of  variation  in  barb  ramus  shape  (exemplified  in  figs.  1,4)  observed  in  this  study 
raise  further  questions  about  the  diversity,  development  and  genetic  determinants  of  these 
relatively  unexplored  feather  barb  morphologies.  For  example,  whether  other  glossy 
carotenoid-containing  (e.g.  yellow  tail  feathers  of  cedar  waxwings  Bombycilla  cedrorum), 
and/or  structurally-colored  feathers  (e.g.  blue  feathers  of  fairy  bluebirds  Irena  spp.)  feature 
similar  modifications  will  be  interesting  to  test. 

Animal  signals  are  complex,  multimodal  phenotypes  characterized  by  their  color, 
form,  and  motion  (Grether,  Kolluru  &  Nersissian,  2004).  Carotenoid-based  colors  in  birds  are 
diverse  (Stoddard  &  Prum,  2011)  and  thought  to  have  evolved  by  sexual  selection  for  their 
signaling  functions  (Hill,  2006).  In  addition  to  the  considerable  variation  in  the  form  and  color 
of  carotenoid-based  plumage  traits  (Stoddard  &  Prum,  2011),  our  results  suggest  that  the 
dynamic  character  of  glossiness  is  similarly  variable  and  broadly  distributed  throughout  Aves 
(see  Table  1).  Our  mechanistic  work  shows  that  glossiness  of  red  feathers  is  produced  by 
numerous  aspects  of  feather  morphology,  and  can  therefore  vary  independently  of  chromatic 
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color  attributes  (e.g.  hue),  potentially  allowing  birds  to  convey  unique  information  to 
receivers  about  their  quality  or  motivation  to  mate.  Testing  if  and  how  these  different 
attributes  (color  and  glossiness)  act  as  redundant  signals  or  interact  to  determine  mating 
success  remains  to  be  explored  (see  Hebets  &  Papaj,  2005).  Glossiness  is  a  highly  directional 
trait  (changing  with  viewing  angle),  and  birds  may  be  able  to  flash  these  signals  on  and  off 
similar  to  iridescent  traits  (Osorio  &  Ham,  2002;  Meadows  et  al.,  2011).  Interestingly,  many 
glossy  feathers  are  found  on  crests  (Table  1),  which  can  sometimes  be  dynamically  raised  and 
lowered,  potentiating  iridescent  signaling.  Recent  work  suggests  that  directional  signals  cause 
a  strong  link  between  the  environment  (e.g.,  lighting  conditions)  and  signaling  behavior 
(Dakin  &  Montgomerie,  2009;  Siscu  et  al.,  2013)  that  might  drive  the  evolution  of  display 
behavior.  Glossiness  may  therefore  play  an  important,  but  largely  overlooked,  role  in  sexual 
selection  of  carotenoid-based  bird  colors  (e.g.,  Toomey  et  al.,  2010;  Maia  et  al.,  2011).  These 
results  increase  our  understanding  of  the  structural  mechanisms  behind  glossiness  and  provide 
a  framework  for  future  studies  on  the  ecology  and  evolution  of  glossy,  carotenoid-colored 
feathers. 
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Figure  1.  Comparison  of  representative  glossy  and  matte  red  feathers,  (a)-(b):  Pictures  of 
Red-Crested  Cardinal  ( Paroaria  coronata)  and  Scarlet  Minivet  ( Pericrocotus  speciosus).  (c)- 
(d)  single  feather  from  the  crown  of  (a)  and  breast  of  (b).  (e)-(f)  TEM  image  of  cross  section 
of  barbs  (and  barbules  in  (f))  from  feathers  (c)  and  (d). 


Wavelength  (nm)  Wavelength  (nm)  Wavelength  (nm) 


Figure  2.  Mean  specular  reflectance  spectra  for  five  representative  species  measured  at  three 
different  viewing  geometries  and  orientations  relative  to  the  spectrometer  setup.  (A)  Feather 
orientated  such  that  light  and  spectrometer  probes  were  positioned  either  orthogonal  to  the 
feather  rachis  (black  line)  or  parallel  to  the  feather  rachis  with  light  being  reflected  from  the 
feather  in  a  proximal-to-distal  direction  (red  line)  or  distal-to-proximal  direction  (blue-line). 
(B)  Reflectance  of  feathers  at  different  specular  angles  (10-60°  from  incident  normal).  (C) 
Light  scattering  spectra  for  feathers  where  incident  light  was  maintained  at  10°  from  normal 
but  measurement  angle  varied  betweenl0-50°  from  normal.  Shaded  areas  illustrate  standard 
errors. 
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Figure  3.  Quantitative  assessment  of  glossiness  in  red  feathers,  (a)  Mean  specular  (solid  lines) 
and  diffuse  reflectance  spectra  (dashed  lines)  of  glossy  (red)  and  matte  feathers  (black); 
shaded  bands  are  ±1  standard  error.  Boxplots  of  log  diffuse  reflectance  (b),  log  specular 
reflectance  (c)  and  log  gloss  ratio  (specular:diffuse  reflectance;  d)  in  glossy  and  matte 
feathers. 
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Principal  component  1 


Principal  component  1  Principal  component  1 


Figure  4.  Relationship  between  morphology  and  spectral  properties  of  red  feather. 
Conditional  plots  showing  the  relationship  between  log  contrast  gloss  and  PC  1  (a),  log 
diffuse  brightness  and  PC  1  (b)  or  PC  2  (c),  and  log  specular  brightness  and  PC  1  (d).  PC  1 
compared  the  barb  thickness,  cortex  thickness,  and  density  to  barb  curvature,  barb  aspect 
ratio,  and  barbule  coverage  and  accounted  for  39  %  of  total  morphological  variance,  whereas 
PC  2  compared  the  barb  thickness,  curvature,  and  cortex  thickness  to  barb  aspect  ratio  and 
accounted  for  24  %  of  total  morphological  variance  (Table  SI).  Shaded  regions  are  95% 
confidence  bands. 
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Glossy 


Figure  5.  Three  dimensional  morphospace  of  barb  shape  constructed  using  the  first  three 
major  axes  of  variation  captured  via  eigenshape  analysis.  Polygonal  convex  hulls  illustrate 
occupied  space  of  both  glossy  and  matte  groupings.  Sillouettes  on  axes  represent  barb  shapes 
at  extremes  of  either  eigenshape. 
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Progress  on  objective  II: 

1)  Bio-Inspired  fast  humidity-responsive  dynamic  structural  colors  in  films  of 
synthetic  melanin  nanoparticles 
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Introduction 


Colors  in  nature  have  functions  ranging  from  warning  coloration  (aposematism),  to 
interspecific  communication  and  protection  from  ultraviolet  radiation. 1  [More  ref]  ENREF  1 
However,  one  of  the  most  critical  functions  of  color  and  color  pattern  is  camouflage  from 
potential  predators  or  prey.2  Dynamic,  changeable  colors  enable  animals  to  camouflage 
themselves  in  variable  or  numerous  environments.  One  of  the  best  examples,  Cuttlefish, 
changes  its  skin  color,  pattern  and  texture  to  precisely  match  its  background.3  Such  color 
changes  are  facilitated  by  the  use  of  structural  colors  arising  from  nanostructures,  as  these  can 
be  easily  tuned  by  varying  the  periodic  spacing  within  the  nanostructure.  Although  cuttlefish 
skin  is  likely  under  direct  neural  control  (Ref),  extrinsic  factors  like  humidity  affect  spacing 
and  thus  color  in  other  organisms.  Structural  colors  of,  for  example  Morpho  butterfly  wings,4 
tree  swallow  feathers,5  and  Hercules  beetle  elytra6  change  with  relative  humidity.  Similarly, 
researchers  have  produced  humidity-responsive  synthetic  optical  materials  using  two 
strategies,  one  based  on  ID  thin-film/multilayer  structures  and  the  other  based  on  3D  opal  or 
inverse  opal  structures.  Most  ID  photonic  crystal  structures  contain  an  inorganic/organic 
hybrid  multilayer  because  the  inorganic  material,  such  as  titania,  offers  a  higher  refractive 
index  than  pure  organic  materials.7"9  Most  humidity  induced  dynamic  colors  in  opal  or  inverse 
opal  structures  are  made  with  hydrogels  that  absorb  moisture  as  humidity  increases,  changing 
the  periodic  domain  spacing  and  effective  refractive  index  of  the  material.10"12  Replacing 
hydrogels  with  natural  materials  like  silk-fibroin  only  causes  as  small  color  change  as  20  nm 
wavelength  shift  when  increasing  relative  humidity  from  30%  to  80%. 13  A  simpler  approach 
for  using  a  single  biocompatible/biodegradable  material  for  dynamic  colorimetric 
performance  would  be  beneficial. 

Inspired  by  the  extensive  use  of  melanin  particles  (sub-micron  scale  organelles  called 
melanosomes)  to  create  structural  colors  in  birds,  we  recently  demonstrated  that  synthetic 
melanin  particles  offer  the  same  rare  combination  of  high  refractive  index  and  high  absorption 
as  natural  melanin.14  Here,  we  show  that  self-assembled  thin  films  of  synthetic  melanin 
particles  produce  a  sensitive  color  response  to  changes  in  humidity.  This  is  because,  as  we 
show  for  the  first  time,  these  particles  are  hygroscopic,  absorbing  around  13%  of  water  in 
mass.  This  absorption  changes  the  thickness  of  the  melanin  layer,  leading  to  changes  in  thin 
film  interference  and  hence  changes  in  color. 
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Experiment  section 


1.  SMNP  film 

Synthetic  melanin  nanoparticles  with  diameter  of  about  200  nm  of  were  synthesized  by 
oxidation  and  polymerization  of  dopamine  in  a  mixture  of  50  mL  water,  20  mL  ethanol  and 
1.2  mL  ammonia  aqueous  solution  (30%)  at  25°C.14  The  melanin  nanoparticles  were  dispersed 
in  deionized  water  to  make  a  1  mg/mL  solution.  Both  transmission  electron  microscopy 
(JEM- 1230,  JEOL  Ltd.)  and  dynamic  light  scattering  measurement  (BI-HV  Brookhaven 
instrument  with  a  633  nm  solid-state  laser)  were  used  to  characterize  size  and  distribution  of 
synthetic  melanin  nanoparticles. 

Silicon  wafers  (University  Wafer)  were  cleaned  using  piranha  solution  (a  mixture  of  H2SO4 
and  H2O2  with  volume  ration  of  3:1)  at  80°C.  A  multiple  wavelength  mode  ellipsometer  (J.A. 
Woollam  Corp.)  was  used  to  measure  the  thickness  of  the  Si02  layer  on  top  of  silicon  wafer. 
Clean  wafers  were  held  vertically  in  a  SMNP  solution  at  60°C  and  SMNP  were  deposited  via 
capillary  flow  onto  the  wafer  as  the  water  evaporated.  All  chemicals  were  purchased  from 
Sigma-Aldrich.  The  deposited  films  were  cut  in  half  and  both  top-view  and  side-view  SEM 
images  were  obtained  using  JEOL-7401  scanning  electron  microscope  (JEOL  Ltd.)  without 
sputter  coating. 

2.  Humidity  response 

A  CRAIC  AX10  UV  visible-NIR  microspectrophotometer  (MSP)  (CRAIC  Technologies, 
Inc.,  a  15  objective,  range  400-800  nm)  was  used  to  measure  the  normal  reflectance  spectra  of 
deposited  films  in  a  custom-built  humidity  chamber  (setup  in  Figure  SI).  A  traceable 
hydrometer  meter  with  accuracy  of  1.5%RH  was  used  to  monitor  the  relative  humidity  (RH) 
in  the  chamber.  RH  in  the  chamber  was  varied  from  10%  to  90%  by  controlling  the  mixing 
ratio  of  dry  and  wet  nitrogen  gas.  Reflectance  of  films  was  measured  at  five  humidity  points 
(10%,  30%,  50%,  70%,  and  90%)  after  1  minute  of  equilibrium  time.  For  each  humidity 
points,  three  measurements  were  performed  using  a  1  minute  interval  between  each 
measurement.  To  investigate  how  fast  the  color  changes,  we  recorded  the  color  change  (both 
real-time  optical  image  and  spectrum  scan)  during  wetting  (10%  to  85%)  and  drying  (90%  to 
10%)  process.  It  took  ~50  seconds  to  reach  85%  RH  from  10%  RH  and  only  30  seconds  to 
decrease  RH  below  10%  from  90%.  We  also  tested  the  cyclability  of  color  change  by 
measuring  the  spectra  when  wetting  and  drying  the  films  eight  times.  To  test  if  the  blank 
silicon  reflectance  spectrum  was  influenced  by  humidity,  we  measured  reflectance  of  the  bare 
silicon  wafer  at  10%  and  90%  RH  condition. 

3.  Water  absorption  measurement 

To  quantify  how  much  water  SMNP  can  absorb,  we  used  a  CAHN  21  automatic 
electrobalancey(CAHN/Ventron)  with  an  accuracy  of  ±  0.005%  to  measure  the  mass  change 
of  small  amounts  (2~3  mg)  of  SMNP  powder  under  different  humidity  conditions.  First,  we 
measured  the  water  uptake  of  three  empty  standard  aluminum  DSC  pans  (13.65  ±  0.02  mg  at 
RH  10%)  separately  at  various  RH  and  we  found  the  changes  in  mass  due  to  water 
condensation  on  the  A1  pans  was  small  and  consistent  among  individual  pans  (Figure  S5).  The 
net  water  uptake  by  the  melanin  particles  can  be  calculated  by  subtracting  the  water  uptake  by 
the  DSC  pan  at  certain  RH.  For  a  specific  RH  condition,  we  mixed  dry  and  wet  nitrogen  gas 
to  reach  equilibrium  and  then  started  to  record  the  mass  every  3  minutes  until  the  variations 
among  the  five  continuous  readings  are  smaller  than  0.010  mg.  We  repeated  the 
measurements  of  two  separate  SMNP  samples  for  both  drying  and  wetting  process. 
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4.  Environmental  SEM 

ESEM  (FEI  Quanta  FEG  450)  was  used  to  quantify  the  thickness  change  of  deposited  SMNP 
films  at  different  humidity  change.  First,  the  air  pressure  in  the  chamber  of  ESEM  was 
pumped  down  to  ?  Torr  and  then  we  increased  the  pressure  to  different  values  by  releasing 
water  vapor  into  the  chamber  and  obtained  the  images  of  the  same  spot.  We  took 
measurements  at  pressure  of 

Results  and  Discussion 


SMNPs  with  diameter  of  192  ±  10  nm  were  synthesized  and  SMNP  films  producing  blue  and 
red  structural  colors  were  obtained  via  evaporative  assembly  process  using  the  previously 
described  procedure  (Figure  l).14  The  size  of  the  homogenous  films  is  at  least  0.5  mm  x0.5 
mm  and  cross-sectional  SEM  shows  that  the  blue  film  is  274  +  11  nm  and  the  red  film  is  602 
±  17  nm  thick.  Fast  Fourier  power  spectra  of  the  SEM  images  (top  view)  show  that  SMNP 
formed  quasi  ordered  structures  (Figure  1).  These  films  displayed  clearly  visible  dynamic 
color  changes  at  various  RH  of  10%,  30%,  50%,  70%  and  90%  (Figure  2).  The  color  of  the 
blue  film  shifts  to  green,  with  maximum  position  of  the  primary  peak  shifting  from  475  nm  to 
530  nm  when  RH  increased  from  10%  to  90%.  The  normal  reflectance  spectrum  of  the  red 
film  showed  two  peaks,  a  major  peak  at  638  nm  and  a  secondary  peak  at  483  nm  when  the  RH 
was  10%.  When  the  RH  was  increased  to  90%,  the  red  film  turned  green  because  the  major 
peak  shifts  to  714  nm  and  the  secondary  peak  shifts  to  551  nm,  making  the  secondary  peak 
more  dominant  within  the  human  visible  wavelength  region  (400-700  nm15).  The  maximum 
peak  position  increased  almost  linearly  as  a  function  of  RH  (Figure  S2).  The  reflectance 
spectra  for  bare  wafer  under  RH  of  10%  and  90%  were  virtually  identical  (Figure  S3), 
demonstrating  that  the  dynamics  colors  of  SMNP  films  are  due  to  changes  in  the  SMNP  layer. 
The  color  changes  were  reversible  when  the  humidity  was  reduced  back  to  10%.  The  video 
recording  the  real-time  change  in  color  and  the  shift  in  the  reflectance  spectrum  is  provided  in 
the  Supporting  Information.  The  changes  in  colors  were  much  faster  than  the  changes  in 
humidity  (30  seconds  during  drying  from  RH  90%  to  10%  and  50  seconds  to  increase  from 
RH  10%  to  85%).  We  measured  the  cyclic  response  by  increasing  and  decreasing  the  RH 
eight  times.  The  position  of  the  maximum  peak  is  reversible  (Figure  3  and  Figure  S4)  and  we 
found  no  change  in  color  saturation  or  the  broadening  of  the  reflectance  spectra  after  eight 
cycles,  which  is  more  advantageous  over  humidity  sensors  with  broadening  peaks  under 
increased  RH.9  10  Add  color  analysis  in  a  color  space? 

Many  colorimetric  humidity  sensors  show  visible  color  changes  and  these  results  have  been 
attributed  to  swelling  of  the  ID  or  3D  photonic  structures.  However,  no  evidence  has  directly 
supported  this  assumption.7' 9’  11  Here,  we  were  able  to  monitor  the  thickness  expansion  of 
SMNP  film  under  different  humid  conditions  using  enviromnental  SEM  (ESEM).  We 
measured  the  cross-sections  of  a  SMNP  film  equilibrated  at  certain  water  vapor  pressure  at 
room  temperature  (24°C)  and  calculated  the  relative  humidity  by  dividing  the  water  pressure 
by  saturated  water  pressure  (22.31  Torr  at  24°C).  Figure  4  shows  the  changes  in  thickness  of 
the  melanin  film  when  water  pressure  is  increased  from  1  Torr  to  5  Ton-  and  then  to  10  Torr 
(RH  4.5%,  22.4%  and  44.8%).  As  a  control  we  measured  the  changes  in  the  thickness  of  the 
SMNP  film  after  exposing  the  film  to  a  dry  N2  environment.  There  were  no  visible  changes  in 
the  thickness  using  dry  nitrogen,  confirming  that  the  change  in  thickness  is  due  to  absorption 
of  moisture  (Figure?).  Increasing  the  pressure  too  high  reduces  the  image  quality  and 
therefore  we  could  only  increase  the  pressure  until  44.8%  RH.  We  found  that  the  thickness 
scales  linearly  with  pressure  and,  assuming  a  linear  relationship  between  thickness  and  RH, 
we  predict  that  the  thickness  of  the  SMNP  film  should  increase  by  17.4  %  when  increasing 
the  RH  from  10%  to  90%. 
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A  standard  thin  film  interference  model16  was  used  to  calculate  the  reflectance  spectra  for 
both  blue  and  red  SMNP  films.  We  measured  the  refractive  index  and  extinction  coefficient  of 
SMNP  in  our  previous  work  and  we  assume  the  volume  fraction  of  SMNP  film  is  55%. 14  At 
RH  of  10%,  the  thickness  of  SMNP  films  should  be  greater  than  that  measured  using  SEM 
and  we  increased  the  thickness  of  SMNP  from  the  value  from  SEM  measurement  until  the 
maximum  peak  position  matches  well  with  experimental  reflectance  curves  (Figure  5a  and 
5b).  The  thickness  for  blue  and  red  film  is  327  nm  and  652  nm  at  RH  of  10%,  respectively. 
With  increase  of  the  RH  to  90%,  adsorption  of  water  vapor  will  not  only  swell  the  film  but 
also  decrease  the  effective  refractive  index  of  SMNPs.  Based  on  the  thickness  expansion  ratio 
of  17.4%  from  RH  of  10%  to  90%  measured  by  ESEM,  the  thickness  for  blue  and  red  film  at 
RH  of  90%  is  calculated  to  be  384  nm  and  765  nm,  respectively.  We  fit  the  new  refractive 
index  of  SMNP  at  RH  of  90%  to  match  the  model  spectra  with  experimental  curves  (Figure 
5c  and  5d)  and  we  obtain  RI  for  wet  SMNP  is  1.64,  which  is  smaller  than  1.74  at  RH  of  10%. 
We  also  quantified  how  much  water  was  adsorbed  by  measuring  the  changes  in  mass  as  a 
function  of  humidity.  Figure  6  shows  water  uptake  weight  percentage  increases  linearly  with 
increase  in  RH.  Assuming  a  linear  fit,  we  predict  the  water  uptake  mass  weight  (a>)  to  be  13% 
when  increasing  the  RH  from  10%  to  90%.  The  increase  of  SMNP  in  volume  relative  to 
SMNPs  can  be  calculated  using  the  following  expression: 

V  .  =  O  V  69  =  0.169F 

water  r  smnp  smnp  smnp 

Where  Psmnp  and  Vsmnp  are  the  density  and  volume  of  the  SMNP  in  the  film,  respectively.  A 

SMNP  film  can  adsorb  water  of  16.9%  in  volume  with  increasing  RH  from  10%  to  90%,  and 
its  thickness  swells  by  17.4%  from  ESEM  measurements.  Therefore,  water  adsorption  by 
SMNP  will  cause  nanoparticles  to  swell  only  in  one  dimension,  which  suggest  anisotropic 
swelling  of  nanoparticles. 

Here,  SMNPs  make  it  possible  to  achieve  rapid  and  substantial  color  response  with  humidity 
without  using  any  additional  hygroscopic  materials  for  water  adsorption  or  inorganic 
component  to  increase  refractive  index  contrast.  We  can  define  the  sensitivity  of  the  color 
change  to  the  humidity  as  follows: 
peak  shift  (nm) 

water  uptake  (%) 

For  our  SMNP  films,  only  13  %  water  adsorption  in  mass  can  lead  to  77  nm  color  shifts, 
therefore  S  is  5.9  nm  /  1%,  which  is  much  larger  than  that  those  reported  for  polymer 
electrolyte  films  (2.2  nm  /I %,  195  nm  shift  in  max  peak  is  achieved  with  90%  water 
uptake).  ENREF  1417  With  lower  water  uptake,  the  SMNP  is  more  likely  to  avoid  structural 
deterioration  after  multiple  wetting  and  drying  cycles.  Relative  to  ID  multilayer  structures, 
SMNP  film  doesn’t  require  several  types  of  coating  procedures  and  more  importantly,  the 
SMNP  film  has  some  porosity  between  closed  packed  particles,  making  it  adsorb/desorb 
water  vapor  more  rapidly  than  solid  films. 

Conclusions 


We  have  produced  bio-inspired  SMNP  films  that  change  color  in  response  to  humidity.  We 
controlled  the  thickness  of  SMNP  films  to  obtain  colors  from  blue  to  green  at  RH  of  10%. 
Both  blue  and  red  films  quickly  turned  to  green  with  maximum  peak  position  shift  in  the 
reflectance  spectrum  up  to  76  nm  when  increasing  RH  from  10%  to  90%.  Such  humidity- 
induced  color  changes  are  reversible  and  durable  after  many  cycles.  We  combined 
experimental  evidence  from  ESEM  and  theoretical  thin-film  optical  model  to  demonstrate  that 
the  high  humidity  (90%)  swells  SMNP  film  along  thickness  direction  by  17%  and  reduces 
refractive  index  of  SMNP  to  1.64  from  1.74,  leading  to  the  color  changes.  The  one 
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dimensional  swelling  behavior  is  also  confirmed  by  simple  water  uptake  measurements.  Use 
of  SMNPs  is  critical  to  production  of  these  dynamic  colors  because  of  its  high  refractive  index 
that  enables  greater  sensitivity  of  color  change.  Films  made  of  moderate  hydroscopic  SMNP 
have  porosity  to  obtain  rapid  and  cyclic  humidity  response.  In  the  future,  an  in-depth  study  of 
the  water  interaction  with  SMNP  at  molecular  level  is  necessary  for  developing  novel  optical 
devices  out  of  SMNP-based  materials. 
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Thickness  =274+  11  nm 


Thickness  =  602  +  17  nm 


Figure  1.  (a)  Scheme  of  evaporation  induced  self-assembly  process,  (b)  TEM  image  of 
SMNPs,  scale  bar  100  mn.  Optical  Images,  Top  view  and  side  view  SEM  images  for  blue  (c) 
and  red  (d)  SMNP  films.  Scale  bars,  100  jum  for  optical  images  and  1  jum  for  SEM  images. 
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Figure  2.  Changes  of  reflectance  spectra  and  colors  for  blue  (a)  and  red  (b)  films  at  RH  of 
10%,  30%,  50%,  70%  and  90%. 
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Figure  3.  Maximum  peak  positions  in  the  spectra  of  blue  film  (a)  and  red  film  (b)  within 
visible  range  change  during  8  times  of  drying  and  wetting  cycles. 
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Figure  4.  Environmental  SEM  on  cross  section  of  a  SMNP  film  under  dry  N2  (a)  and  water 
vapor  (b)  conditions  at  various  pressures  (1  Torr,  5  Torr  and  10  Torr). 
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Figure  5.  (a)  Measured  spectra  (blue  color)  and  model  spectra  (black  color)  for  blue  film  at 
RH  of  10%  (solid)  and  90%  (dotted),  (b)  Measured  spectra  (red  color)  and  model  spectra 
(black  color)  for  red  film  at  RH  of  10%  (solid)  and  90%  (dotted). 
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